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high aspect ratio (up to >150) CdS:Mn/ZnS core/shell 
nanowires (CSNWs) is disclosed for the first time. The 
CSNW solvothermal synthesis involved two steps-the for-
mation of Mn doped CdS core followed by the growth of a 
ZnS outer shell. The nanowire growth process is engineered 
in such a way that the ZnS layer grows radially onto the 
prematurely grown CdS:Mn core prior to the formation of its 
well faceted surface. Transmission electron microscopy 
(TEM) and other characterization techniques confirmed the 
formation ofuniform, thin ( 5-8 nm in diameter) CSNW s with 
high aspect ratio up to > 150. This solvothermal method is 
simple, versatile and useful in a large scale production pro-
cess to synthesize thin ultra-long CSNWs with and without 
dopants. 
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FABRICATION OF HIGH ASPECT RATIO 
CORE-SHELL CDS-MN/ZNS NANOWIRES 
This invention claims priority based on U.S. Provisional 
Application Ser. No. 60/992,532 filed on Dec. 5, 2007, the 5 
contents of which are incorporated herein by reference. 
FIELD OF THE INVENTION 
2 
cal Society 2002, 124, 7136; however, there are inherent 
limitations of the method. Synthesis of dopant based thin 
(<10 nm) ID core/shell nanostructures with high aspect ratio 
such as core shell nanowires (CSNWs) has not been reported 
using the aforementioned methods. 
This invention relates to core-shell nanowires, and in par-
ticular to, compositions and methods of fabricating or syn-
thesizing novel one dimensional (1-D) CdS:Mn/ZnS core/ 
shell semiconductor nanowires. The research herein was 
supported in part by the National Science Foundation (NSF 
CBET-63016011 and NSF-NIRT Grant EEC-056560. 
The cadmium sulfide (CdS) based nanostructures are 
among the most widely studied semiconductor nanomaterials 
due to their widespread applications in the field of electronics 
and optoelectronics. Both cadmium sulfide (CdS) and zinc 
10 
sulfide (ZnS) are II-VI group semiconductors and they have 
similar crystalline structure. However, ZnS has higher band 
gap energy than CdS (-3.7 eV versus 2.4 eV when measured 
in the bulk). Owing to relatively higher band gap energy, ZnS 
BACKGROUND AND PRIOR ART 
One dimensional (ID) nanostructures have received tre-
mendous attention in the field of electronics and optoelec-
tronics since the discovery of carbon nanotubes, as reported 
by S. Iijima, Nature 1991, 354, 56. In particular, ID semicon-
ductor nanostructures are considered to be critical building 
blocks for nanoscale electronic and optoelectronic devices. 
To improve performance of these nanodevices, it is important 
that the efficiency of ID semiconductor nanostructures be 
increased. Since surface defects are prominent due to large 
surface to volume ratio, efficiency of nanostructures and 
hence their performance in nanodevices could be improved 
by reducing surface defects. 
15 has been widely used as surface passivating shell material for 
CdS. The divalent Mn2+ ions are appropriate as dopants for 
both of these II-VI group semiconductor materials. Upon 
excitation, the Mn2+ doped semiconductors produce charac-
teristic bright yellow luminescence (-585 nm emission) due 
20 to the 4 T1=>6A 1 Mn2 + ion transition as reported by R. N. 
Bhargava et al. in Physical Review Letters 1994, 72,416 and 
S. Biswas eta!. in Journal of Physical Chemistry B 2005, 109, 
17526. Also, as building blocks in nanoscale optoelectronic 
devices as discussed by H.J. Choi, et al. in Advanced Mate-
25 rials 2005, 17, 1351 and D. S. Han et al. in Applied Physics 
Letters 2005, 86, these Mn2+ ions doped CdS semiconductors 
are utilized as dilute magnetic semiconductors. 
To date, a few reports on the CdS:Mn/ZnS core/shell nano-
particles have been published but none of the published ref-
Thus the focus now is on developing synthesis strategies 
for effective surface passivation of ID nanostructure that 
minimizes surface defects. To date, the best surface passiva-
tion approach is the creation of radial hetero-structures such 
30 erences discuss the synthesis ofCdS:Mn/ZnS CSNWs. The 
publications that discuss CdS:Mn/ZnS are by H. Yang et al in 
Advanced Functional Materials 2004, 14, 152; S. Santa, et al. 
in Journal of the American Chemical Society 2005, 127, 
35 1656; and H. S. Yang, et al. in Advanced Materials 2006, 18, 
2890. 
as core/shell nanostructures. In a typical surface passivation 
procedure, a shell structure of a wide band-gap material is 
created over the core. In an effectively surface passivated 
core/shell nanostructure, the core is completely covered by an 
epitaxial shell with minimal lattice mismatch between the 
core and the shell. Due to limited availability of appropriate 40 
shell layer material, to date, only a few ID core/shell nano-
structures have been reported in the literature including 
Ge/Si, as reported by L. J. Lauhon, et al. in Nature 2002, 420, 
57; Ru02'Ti02 as disclosed by Y. L. Chueh, et al. in Advanced 
Materials 2007, 19, 143; CdSe/CdS as reported by D. V. 45 
Talapin, et al., in Nano Letters 2003, 3, 1677; CdSe/ZnS as 
reported by T. Mokari et al. in Chemistry of Materials 2003, 
15, 3955; CdS/ZnS as disclosed byY. J. Hsu, et al. in Chemi-
cal Communications 2004, 2102; and CdSe/ZnSe as dis-
closed by H. Lee et al. in Journal of Chemical Physics 2006, 50 
125. 
Traditionally, ID core/shell nanostructures have been syn-
thesized using high-temperature vapor deposition methods 
such as chemical vapor deposition (CVD) and metallo-or-
ganic chemical vapor deposition (MOCVD). These methods 55 
are sophisticated and demand controlled step-wise supply of 
core and shell elements in the vapor state. It is therefore 
desirable to develop a relatively simple method of synthesiz-
ing ID core/shell nanostructures. Moreover it is desired that 
methods are developed to synthesize core/shell nanostruc- 60 
tures with high aspect ratio, such as CSNW s. In this context, 
hot-phase chemical routes appear to be more attractive than 
traditional CVD methods. However, synthesis of ID nano-
structure with a large aspect ratio (i.e. length to diameter) 
using hot phase chemical route is challenging. So far, only 65 
short nanorods have been reported in the literature, for 
example, L. Manna, et al. in Journal of the American Chemi-
An easy, simple, inexpensive synthesis method for core 
shell nanowires is needed and would significantly benefit the 
semiconductor industry. The synthesis method and novel one 
dimensional (ID) core shell semiconductor nanowires of the 
present invention solve many problems and overcome many 
limitations in the prior art. 
SUMMARY OF THE INVENTION 
The first objective of the present invention is to provide a 
simple two-step solvothermal route for the fabrication or 
synthesis of thin single-crystal CdS:Mn/ZnS CSNWs with 
length to diameter ratio (aspect ratio) up to approximately 
150. 
The second objective of the present invention is to provide 
a novel composition for a one dimensional (1-D) CdS:Mn/ 
ZnS core/shell structure. 
The third objective of the present invention is to provide a 
fabrication or synthesis protocol for the large scale produc-
tion of high quality, single crystalline, uniform structure core 
shell nanowires (CSNWs). 
The fourth objective of the present invention is to provide 
a fabrication or synthesis protocol for dopant based CdS:Mn/ 
ZnS core/shell nanowire as spintronics material. 
The fifth objective of the present invention is to provide a 
simple, cost-effective fabrication or synthesis method for 
CSNWs with high reproducibility. 
The sixth objective of the present invention is to provide a 
fabrication or synthesis protocol for CSNWs with relatively 
low synthesis temperatures of approximately 160 degrees C. 
US 8,142,890 Bl 
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The seventh objective of the invention is to provide a fab-
rication or synthesis protocol for ultra-thin core shell nanow-
ires ( CSNW s) less than approximately 10 nanometers (nm) in 
diameter. 
The eighth objective of the invention is to provide novel 
core/shell nanowires useful in a broad array of applications, 
including, but not limited to, materials for high-performance 
wave guide application, solar cell absorber material, room 
temperature yellow light emitting material, single nanowire 
based laser, thin-film nanowire transistor, light emitting dis- 10 
plays (LED), non-linear optical materials and photonic cir-
cuit elements. 
A preferred method for fabricating or synthesizing a 
dopant based core/shell single-crystalline, one dimensional 15 
CdS:Mn/ZnS nanowire includes selecting a reaction cham-
ber, mixing cadmium acetate and thiourea in a 1 :3 molar ratio 
with ethylenediamine solvent to form mixture I, adding the 
mixture of cadmium acetate, thiourea and ethylenediamine 
(mixture I) to the reaction chamber, adding a dopant source to 20 
the reaction chamber, closing the reaction chamber for a first 
time and placing the chamber in a preheated oven, allowing 
the reaction of cadmium acetate, thiourea, ethylenediamine 
(mixture I) and dopant to continue for approximately six 
hours to facilitate the solvothermal growth of cadmium sul- 25 
fide nanorods and nanowires, removing the reaction chamber 
from the preheated oven after six hours and adding a mixed 
aqueous solution (mixture II) consisting of zinc acetate dehy-
drate, thiourea and water, closing the reaction chamber a 
second time and placing the chamber in a preheated oven, 30 
allowing the reaction of mixture I, dopant and mixture II to 
continue for approximately an additional 4 hours to facilitate 
the growth of a doped cadmium sulfide core with a zinc 
sulfide outer shell, removing the reaction chamber from the 
preheated oven for a second time and allowing the reactor to 35 
cool, and collecting a yellow precipitate that is washed, dried 
and analyzed to be a doped cadmium sulfide/zinc sulfide 
(CdS:Mn/ZnS) core/shell nanowire. 
The more preferred method of fabricating or synthesizing 
a dopant based core/shell single-crystalline, one dimensional 40 
CdS:Mn/ZnS nanowire includes a reaction chamber that is a 
closable cylindrical stainless steel chamber lined with a poly-
meric non-stick coating. 
The preferred dopant source is manganese (Mn) and the 
preferred mixed aqueous solution (mixture II) consists of 45 
water, zinc acetate dihydrate in an amount that is 2.6 molar 
times that of the Cd molar concentration in mixture I and 
thiourea in an amount that is 3 molar times that of the Zn 
molar concentration in mixture II. 
The preheated oven in the preferred fabricating or synthe- 50 
sizing process is maintained at a temperature that is between 
approximately 155° C. and approximately 165° C., more 
preferably a temperature that is approximately 160° C. 
4 
zinc sulfide shell (CdS:Mn/ZnS) wherein the zinc sulfide 
shell is formed radially surrounding the doped cadmium sul-
fide core. 
The preferred one dimensional nanowire has a room tem-
perature photoluminescence spectra of the core/shell that 
exhibits a strong yellow emission band at approximately 585 
nanometer (nm) wavelength along with a weak green emis-
sion peak at approximately 514 nm wavelength. 
Further objects and advantages of this invention will be 
apparent from the following detailed description of a pres-
ently preferred embodiment that is illustrated schematically 
in the accompanying drawings. 
BRIEF DESCRIPTION OF THE FIGURES 
FIG. 1 is a schematic representation of the CdS:Mn/ZnS 
core sell nanowire (CSNW) formation mechanism. 
FIG. 2a is a transmission electron microscopy (TEM) 
image of the CdS:Mn nanowire/sheets. 
FIG. 2b is a high resolution transmission electron micros-
copy (HRTEM) image of a single sheet-like structure of the 
CdS:Mn sheet, showing the formation of needle like crystal-
lite template; the amorphous region between the needle-like 
crystals is identified. 
FIG. 2c is a TEM image of the well defined CdS:Mn 
nanowJres. 
FIG. 2d is a HRTEM image of a single CdS:Mn nanowire 
showing a perfect single-crystalline structure. 
FIG. 2e is a TEM image ofCdS:Mn nanowires/particles. 
FIG. 2/ is a TEM image of the short CdS:Mn nanorods 
obtained by the hydrothermal treatment of the CdS.en com-
plex sheets. 
FIG. 3a is a TEM image of the CdS:Mn/ZnS core/shell 
nanowJre. 
FIG. 3b is a HRTEM image of the CdS:Mn/ZnS core/shell 
nanowJre. 
FIG. 3c is a HRTEM image of the CdS:Mn/ZnS core/shell 
nanowire showing the radial as well as longitudinal growth of 
the shell layer over the inner core. 
FIG. 4 shows experimental X-ray diffraction (XRD) pat-
terns for CdS:Mn and CdS:Mn/ZnS CSNWs along with the 
XRD pattern of the standard wurtzite ZnS, CdS and the alloy 
structures ZnxCd1_xS obtained from the Joint Committee for 
Powder Diffraction Standards (JCPDS). 
FIG. 5 is the room temperature photoluminescence (PL) 
spectra of the CdS:Mn (broken line) and CdS:Mn/ZnS (solid 
line) core/ shell nano wires. 
DESCRIPTION OF THE PREFERRED 
EMBODIMENT 
Before explaining the disclosed embodiment of the present 
invention in detail it is to be understood that the invention is 
not limited in its application to the details of the particular 
arrangement shown since the invention is capable of other 
embodiments. Also, the terminology used herein is for the 
purpose of description and not of limitation. 
A preferred composition for a thin, dopant based core/ shell 
single-crystalline, one dimensional nanowire includes a 55 
doped cadmium sulfide core, a zinc sulfide outer shell layered 
onto the doped cadmium sulfide core, an overall diameter of 
the nanowire that is less than approximately 10 nanometers 
(nm), and an overall length to diameter ratio up to approxi-
mately 150. 
It would be useful to discuss the meanings of some words 
and abbreviations used herein to explain the invention in 
60 greater detail. 
The more preferred thin, dopant based core/shell single-
crystalline, one dimensional nanowire has a diameter in a 
range between approximately 5-8 nm and a length in a range 
between approximately 100 to 1000 nm. 
The preferred dopant for the cadmium sulfide core in a one 65 
dimensional nanowire is manganese (Mn) and the preferred 
composition is manganese doped cadmium sulfide core with 
CdS is the chemical formula for cadmium sulfide 
CSNW stands for core/shell nanowire. 
core/shell is used herein to describe the concentric arrange-
ment of a doped metallic sulfide core surrounded by an outer 
layer or shell consisting of a metallic sulfide. 
en is the abbreviation for ethylenediamine, a chemical 
compound used as a bidentate ligand 
US 8,142,890 Bl 
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Mn is the chemical symbol for manganese 
"Nanowires" are defined as structures that have a lateral 
size constrained less than 1000 nanometers and an uncon-
strained longitudinal size. Typical nanowires exhibit aspect 
ratios (length-to-width ratio) of 4 or more; as such, they are 
often referred to as one (1)-dimensional materials. Nanowires 
are not observed spontaneously in nature and must be pro-
duced in a laboratory. 
6 
In the traditional synthesis approach reported by S. Kar 
(2006) supra and A. Datta (2007) supra, cadmium acetate and 
thiourea (1 :3 molar ratio) are mixed in ethylenediamine (en) 
that also serves as a solvent. The manganese dopant content is 
kept at three molar percent of the Cd source to avoid concen-
tration-quenching. The Cd2+ metal ions interact with the lone 
pair of electrons of the en nitrogen atoms. A subsequent 
reaction of en ligated Cd2+ ions with the s2 - ions forms a 2D 
complex of CdS0.5en, as reported by Z. X. Deng et al, in ZnS is the chemical formula for zinc sulfide. 
Incorporated herein by reference is a published manuscript 
by S. Kar et al., entitled, "Fabrication of High Aspect Ratio 
Core-Shell CdS-Mn/ZnS Nanowires by a Two Step Solvo-
thermal Process," J. Phys. Chem. C. 2008, 112, 4036-4041, 
published after the filing of the related priority U.S. provi-
sional application Ser. No. 60/992,532 on Dec. 5, 2007. 
10 Inorganic Chemistry 2003, 42, supra. This complex pos-
sesses an organic-inorganic lamellar structure with inorganic 
CdS layers separated by organic en spacers. 
Referring to FIG. 1, as the solvothermal growth reaction 10 
proceeds, the transition metal sulfide complex dissociates, 
15 collapsing the lamellar structure. As a result, needle-shaped 
CdS templates are formed. Under normal solvothermal con-
ditions, the CdS.0.5en and CdS phase remain in equilibrium 
that favors en assisted recrystallization of the CdS templates. 
Over time, the CdS templates lead to the formation of well 
The present invention is a method for the large scale syn-
thesis and production of thin single-crystal core shell nanow-
ires of high quality and high aspect ratios. The specific 
nanowire composition disclosed herein is CdS:Mn/ZnS; 
however, it is understood that other dopants and metallic 
sulfides are suitable for use in synthesis and production of 
useful nanowires. Suitable metallic sulfides and dopants 
include the class of transition metals that are hard, brittle, with 
high melting points and high electrical conductivity. Exem- 25 
plary transition metals, include, but are not limited to, tita-
nium, vanadium, chromium, manganese, iron, cobalt, nickel, 
copper, zinc, yttrium, zirconium, niobium, molybdenum, 
ruthenium, rhodium, palladium, silver, cadmium, hafnium, 
tantalum, and tungsten. 
20 faceted CdS nanorods 15. The mechanism of CdS nanorod 
formation could be due to en assisted recrystallization of the 
CdS templates and/or Ostwald ripening. 
The elimination of the en from the CdS.0.5en complex 
could be enhanced by increasing the thermal energy or by 
introducing a foreign non-coordinating solvent such as water. 
It has been demonstrated by A. Datta, et al. (2007) supra that 
increase of temperature leads to shortening of nanorod length 
and increase of their diameter. It is a hypothesis that addition 
of water at relatively low temperature (160° C.) could lead to 
30 the formation of well crystallized thin (<10 nm) nanowires. 
Controlled growth ofCSNWs is challenging as it demands 
favorable thermodynamic as well as kinetic conditions that 
would allow crystalline growth in one dimension (ID). An 
attempt to incorporate dopants within the core of such 
CSNWs could be further challenging as the crystal growth 35 
process described by S. H. Yu in Journal of Materials Chem-
istry 1999, 9, 1283, the process naturally excludes impurities 
such as, dopants. It would be desirable to create appropriate 
reaction conditions that allow doping of manganese (Mn) 
within CSNWs. In the past, solvothermal route has been 40 
successfully used to synthesize CdS nanorods with the help of 
a bidentate ligand, ethylenediamine (NH2CH2 CH2NH2 , en); 
reported by S. Kar et al. in Journal of Nanoscience and 
Nanotechnology 2006, 6, 771; A. Datta et al. Journal ofNano-
science and Nanotechnology 2007, 7, 677; and Z. X. Deng et 45 
al. in Inorganic Chemistry 2003, 42, 2331. 
However, it is important to add water at a stage that would 
favor formation of uniform nanowires. 
In order to create thinnanowires 20, two important reaction 
parameters-temperature and solvent composition (water 
addition) are manipulated. Allowing the reaction to continue 
at 160° C. was appropriate to minimize Ostwald ripening 
related lateral growth of the ID nanostructure. Again, addi-
tion of water after 6 hrs ofreaction in en not only facilitated 
the decomposition of the CdS.0.5en complex, forming CdS 
needle shaped templates but also restricted lateral growth by 
reducing en assisted recrystallization of the CdS templates. 
To synthesize thin (<10 nm) CSNWs with high aspect 
ratio, the growth of the ZnS shell layer onto the CdS:Mn core 
must start prior to the formation of a well faceted core 25. 
Therefore, zinc (Zn2+) ion and sulfur (s2 -) ion sources are 
introduced in water at the intermediate stage (after 6 hrs) of 
the reaction. This favored the formation of a zinc sulfide 
(ZnS) crystal layer over the high-energy surface of the CdS: 
The solvothermal route for the en mediated 1 D nano struc-
ture template synthesis of CdS is used in the present inven-
tion. Subsequently, a controlled crystal growth process is 
initiated in the presence of shell layer source ions to obtain 
uniform CSNWs. The complete CSNW design scheme is 
depicted in FIG. 1. 
Mn templates. The ZnS shell layer formation predominated 
50 over two other competing processes, such as, recrystallization 
and Ostwald ripening of the CdS templates, resulting in the 
formation ofCdS:Mn/ZnS CSNWs 20. 
FIG. 1 shows solvothermal growth ofCdS nanorods 10 in 
a sequence that begins with a thin sheet of CdS in a solvent to 
produce a needle-like CdS template and continuing growth in 55 
a solvent to form a CdS nanorod 15 and subsequent growth of 
a ZnS shell layer onto the CdS:Mn core to produce a CdS: 
Mn/ZnS core shell nanowire 20 having a cross-sectional view 
25 of a faceted core/shell nanowire. The growth of the ZnS 
shell layer onto the CdS:Mn core starts prior to the formation 60 
of a well faceted core. After approximately 6 hours of reaction 
to form a CdS:Mn core, Zn ions, S ions and water are added 
to the reaction that formed the CdS:Mn core, then during 
approximately 4 additional hours of reaction time a ZnS 
crystal layer forms over high energy surface ofa CdS:Mn core 65 
resulting in the uniform growth of long, narrow ( <l 0 nm 
diameter) nanowires. 
To verify the critical role of water at the intermediate stage 
ofreaction that favors the uniform growth of thin (<10 nm) 
nanowires with high aspect ratios, several supporting experi-
ments were performed. 
EXAMPLE 1 
Cadmium acetate and thiourea (1 :3 ratio) were added to 
ethylenediamine (en) and the reaction temperature was main-
tained at approximately 160° C. The following reaction con-
ditions were set: (i) approximately 6 hrs reaction time, (ii) 
addition of water (30% VN) at the intermediate stage (i.e. 
after 6 hrs), continuation of the reaction for approximately 4 
additional hrs, (iii) addition of water at the beginning of 
approximately 10-hour reaction, and (iv) hydrothermal treat-
US 8,142,890 Bl 
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ment of the intermediate product obtained from condition (i). 
The details of the experimental data are described below. 
Experimental Details. 
The core/shell nanowire growth was carried out in a Teflon 
lined closed cylindrical stainless steel chamber. In a typical 5 
procedure, cadmium acetate and thiourea (1:3 molar ratios) 
were filled with appropriate amount of ethylenediamine (en) 
and 3 molar % of manganese acetate was used as the dopant 
source. The closed chamber was placed inside a preheated 
oven at approximately 160° C. and the reaction was continued 10 
for approximately 6 hours. In the next step, a mixed aqueous 
solution of zinc-acetate dihydrate (2.6 molar times that of Cd 
source) and thiourea (1:3 molar ratios) was added and the 
reaction was continued for approximately 4 additional hrs. 15 
Upon normal cooling, the product, a yellow precipitate, was 
washed several times in water and ethanol and finally dried in 
vacuum for characterization. 
CdS:Mn/ZnS Core/shell Nanowire Product Characterization. 
8 
recrystallization of the needle shaped CdS templates. The 
crystal growth was dominated primarily by the Ostwald rip-
ening process. 
During the studies to control the appropriate solvothermal 
reaction condition to produce long, thin and uniform-size 
CdS nanowires as shown in FIGS. 2c and 2d, it was deter-
mined that the addition of water at the intermediate reaction 
stage was the key to the formation of nanowires. Based on 
these findings, the synthesis protocol for thin ( <10 nm) CdS: 
Mn/ZnS CSNW s with high aspect ratio was developed. The 
idea was to simply add Zn2 + and s2 - to aqueous sources to 
produce the needle-shaped CdS templates and allow the sol-
vothermal process to continue for an additional 4 hours. As 
expected, the ZnS layer grew radially over the high energy 
surface of the CdS:Mn templates. 
As shown in the TEM image in FIG. 3a, these CdS:Mn/ 
ZnS CSNWs were slightly larger in diameter (5-10 nm) than 
CdS:Mn nanowires. FIG. 3b shows a HRTEM image of a 
single CdS:Mn/ZnS nanowire, exhibiting a well defined core/ 
Samples were characterized by high resolution transmis-
sion electron microscopy (HRTEM), X-ray diffraction 
(XRD), X-ray photoelectron spectroscopy (XPS), energy dis-
persive analysis of X-ray (EDAX) and photoluminescence 
(PL) measurements. 
20 shell structure. The TEM micrograph showed two distinct 
regions, a crystalline core and a relatively low-contrast crys-
talline ZnS shell that uniformly surrounded the central CdS: 
Mn core. The lattice spacing of the shell part is -3.31 A, 
representing the (100) lattice plane of ZnS. As shown in the 
The morphology of CSNWs as well as other products 
(obtained from supporting experiments) was determined by 
the TEM study. 
25 FIG. 3b, a clear boundary was observed (marked with arrows 
m, n, o, p) between the core (n-o) and the shell(m-n and o-p). 
FIG. 3c showed a HRTEM image of another core/shell CdS: 
Mn/ZnS nanowire, showing radial growth of ZnS shell 30 
over the CdS:Mn nanowire core 35 as well as longitudinal 
FIG. 2a shows a TEM image of the product obtained after 
approximately 6 hours. The product consisted of mostly 
sheet-like nano structures along with a few nanowires, reveal-
ing the formation of the CdS templates. 
30 growth of ZnS along the growth direction of the nanowire. 
The lattice spacing of the (100) plane of ZnS (3.31 A) is 
slightly less than that ofCdS (3.58 A). It is expected that the 
interface of the two crystalline phases which contain some 
misfit dislocations that would compensate the lattice mis-
35 match between the ZnS (100) plane 30 and CdS (100) plane 
35. From TEM investigation of several nanowires, we esti-
mated nanowire diameter to be 5-10 nm, length 100-1000 nm 
and ZnS shell thickness 2-3 nm. To further support core/shell 
structure of the nanowires, we performed XRD, XPS, EDAX 
The HRTEM image shown in FIG. 2b is of a sheet-like 
nano structure confirming the formation of needle shaped CdS 
templates from the layered CdS.0.5en complex. FIG. 2b 
shows the amorphous lines inside the single crystalline struc-
ture (as indicated by arrows w, x, y and z, validating the 
fabrication scheme in FIG. 1. Uniform, thin (diameter 5-8 
nm) CdS nanowires following reaction condition (ii) are 
shown in FIG. 2c. The length of the nanowires varied in the 
range between 100-1000 nm. Addition of water to the inter-
mediate product perturbed the equilibrium between the 
CdS.0.5en complex and CdS phase, favoring the formation of 
uniform CdS nanowires at 160° C. The HRTEM image of 
CdS nanowires showed a perfect single crystalline wurtzite 45 
structure in FIG. 2d. The measured lattice spacing was 3 .3 5 A 
for the lattice planes perpendicular to the axis of the nan ow ire, 
representing the (002) lattice plane of wurtzite CdS. The 
growth direction of the CdS nanowires was in the (002) lattice 
plane. 
40 and PL as described below. 
The experimental XRD pattern shown in FIG. 4 of the 
CSNWs clearly indicates the presence ofwurtzite ZnS along 
with wurtzite CdS. Also, the XRD pattern confirmed the 
formation of wurtzite phase of CdS nanowires. The growth 
direction could be predicted by comparing the full width at 
half maxima (FWHM) of the different XRD peaks of the CdS 
nanorods. The FWHM value of the XRD peak at a 20 position 
26.5 degree was much smaller when compared to the other 
peaks in the diffraction pattern. Since the diameters of the 
50 well faceted CdS nanowires were less than 10 nm, all the 
XRD peaks showed characteristic broadening except the peak 
corresponding to the growth direction for the nanowires. 
Since the CdS nanowires were very long compared to their 
Addition of water at the intermediate stage of reaction (i.e. 
after approximately 6 hrs of reaction) was crucial for the 
formation of thin (<10 nm) nanowires with a high aspect 
ratio. To confirm this we performed the supporting experi-
ment (iii) and (iv) as previously mentioned. When water was 55 
added with en at the beginning of the reaction i.e. condition 
(iii), a mixture of short nanorods along with a few nanopar-
ticles were obtained as shown in FIG. 2e. This was attributed 
to the fact that introduction of water reduced the coordination 
ability of the en molecules, resulting in incomplete formation 
oflayered CdS template structure. Therefore, short nanorods 
and nanoparticles were formed. In the supporting experiment 
(iv), we treated the intermediate products as obtained with 
approximately 6 hours of reaction time in condition (i) hydro-
thermally for an additional 4 hrs. FIG. 2/ shows the resulting 
formation of nanorods. The absence of the en molecules 
induced rapid destruction of the layered structure, preventing 
diameter, as expected, a narrow XRD peak at 26.5 degree was 
found. This peak corresponded to the growth direction of the 
nanowires i.e. [002] that was consistent with the HRTEM 
image in FIG. 2d. For reference, the standard XRD peaks for 
wurtzite CdS and ZnS are shown in FIG. 4. Within the sensi-
tivity of the XRD we could not detect the formation of any 
60 alloy or oxide phases. 
The core/shell structure and elementary compositions of 
the CSNW s were studied using X-ray photoelectron spectros-
copy (XPS) and energy dispersive analysis of X-ray (EDAX). 
The XPS analysis of CdS:Mn nanowires estimated atomic 
65 composition of approximately 50% Cd, 6% Mn and 44% S. 
The EDAX studies revealed the presence of only -1 % of Mn. 
Since XPS is a surface-sensitive technique, it indicated that a 
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majority of the Mn ions were located at the surface of the 
CdS:Mn nanowires. It is expected that with increasing Mn 
concentrations, more and more Mn ions will be populated at 
the surface of the nanostructure. From the XPS study, we 
estimated the atomic composition of the CdS:Mn/ZnS 
CSNWs to be approximately 10% Cd, 2% Mn, 52% 5 and 
35% Zn, whereas the EDAX estimated the corresponding 
composition to be 28% Cd, 1% Mn, 52% 5 and 18% Zn. 
Within the limitation of the XPS and EDAX sensitivity, these 
results indicated a Zn-rich surface of the CdS:Mn/ZnS 10 
nanowires, further supporting the formation of a ZnS shell 
layer over the CdS:Mn core. 
The formation of the core/shell nanostructure was also 
supported by room-temperature photoluminescence (PL) 
studies ofCdS:Mn/ZnS CSNWs. The PL properties ofCdS: 15 
Mn/ZnS CSNWs as well as CdS:Mn nanowires are presented 
in FIG. 5. The PL spectrumoftheCdS:Mnnanowires showed 
a green emission band at -514 nm, corresponding to band-
edge emission [20l. The broad asymmetric tail of the lumines- 20 
cence peak could be attributed to a large number of surface 
states in the CdS:Mn nanowires. No characteristic emission 
from Mn2 + ions were observedat-585 nm. Earlier studies did 
10 
adding a dopant source to the reaction chamber; 
closing the reaction chamber for a first time and placing the 
chamber in a preheated oven; 
allowing the reaction of cadmium acetate, thiourea, ethyl-
enediamine (mixture I) and dopant to continue for 
approximately six hours to facilitate the solvothermal 
growth of cadmium sulfide nanorods and nanowires; 
removing the reaction chamber from the preheated oven 
after six hours and adding a mixed aqueous solution 
(mixture II) consisting of zinc acetate dehydrate, thio-
urea and water; 
closing the reaction chamber a second time and placing the 
chamber in a preheated oven; 
allowing the reaction of mixture I, dopant and mixture II to 
continue for approximately an additional 4 hours to 
facilitate the growth of a doped cadmium sulfide core 
with a zinc sulfide outer shell; 
removing the reaction chamber from the preheated oven 
for a second time and allowing the reactor to cool; and 
collecting a yellow precipitate that is washed, dried and 
analyzed to be a one-dimensional, doped cadmium sul-
fide/zinc sulfide (CdS:Mn/ZnS) core/shell nanowire 
wherein an overall diameter of the nanowire is less than 
or equal to 10 nanometers (nm) and an overall length to 
diameter ratio is up to approximately 150. 
2. The method of claim 1, wherein the reaction chamber is 
a closable cylindrical stainless steel chamber lined with a 
30 polymeric non-stick coating. 
not show any Mn-related emission from the CdS:Mn nanow-
ires at room temperature, indicating the presence of a large 25 
number of surface states that were responsible for photodeg-
radation and luminescence quenching. The PL spectrum of 
the core/shell CdS:Mn/ZnS nanowires exhibited a strong yel-
low emission band at -585 nm along with a weak green 
emission peak at-514 nm. The decrease in the intensity of the 
band-edge emission band is consistent with energy transfer to 
the Mn ions in the crystal lattice. The yellow emission is 
attributed to the Mn2 + 4T1 to 6A 1d-d ligand-field transition, 
confirming successful passivation of surface states of the 35 
CdS:Mn core by the ZnS shell layer. Thus, the photolumines-
cence (PL) study also supports the formation of a core/shell 
structure ofCdS:Mn/ZnS nanowires. 
In conclusion, for the first time, we have successfully syn-
thesized thin (<10 nm) core/shell CdS:Mn/ZnS nanowires 
with a high aspect ratio (length/diameter> 150) by a simple 
two-step solvothermal technique. By tuning temperature and 
other appropriate reaction parameters the diameter of the 
nanowires as well as the Mn concentration are easily varied. 
The present technique is capable of being scaled-up for the 
synthesis of core/shell nanowires (CSNW s) of various kinds 
(i.e. with and without dopants ). 
3. The method of claim 1, wherein the dopant source is 
manganese acetate. 
4. The method of claim 1, wherein the mixed aqueous 
solution (mixture II) consists of zinc acetate dihydrate in an 
amount that is 2.6 molar times that of the Cd molar concen-
tration in mixture I and thiourea in an amount that is 3 molar 
times that of the Zn molar concentration in mixture II. 
5. The method of claim 1, wherein the preheated oven is 
maintained at a temperature that is between approximately 
40 
155° C. and approximately 165° C. 
6. The method of claim 5, wherein the preheated oven is 
maintained at a temperature that is approximately 160° C. 
7. The method of claim 1, wherein the one dimensional 
45 nanowire has a zinc sulfide shell formed radially surrounding 
the doped cadmium sulfide core. 
8. The method of claim 1, wherein the one dimensional 
nanowire has a room temperature photoluminescence spectra 
of the core/shell nanowire that exhibits a strong yellow emis-
50 sion band at approximately 585 nanometer (nm) wavelength 
along with a weak green emission peak at approximately 514 
nm wavelength. 
While the invention has been described, disclosed, illus-
trated and shown in various terms of certain embodiments or 
modifications which it has presumed in practice, the scope of 
the invention is not intended to be, nor should it be deemed to 
be, limited thereby and such other modifications or embodi-
ments as may be suggested by the teachings herein are par- 55 
ticularly reserved especially as they fall within the breadth 
and scope of the claims here appended. 
9. A thin dopant based core/shell single-crystalline, one 
dimensional nanowire comprising 
a doped cadmium sulfide core in a nanowire; 
a zinc sulfide outer shell layered onto the doped cadmium 
sulfide core; We claim: 
1. A method for synthesizing a dopant based core/shell 
single-crystalline, one dimensional CdS:Mn/ZnS nanowire 60 
comprising the steps of: 
an overall diameter of the nanowire that is less than or equal 
to 10 nanometers (nm); and 
an overall length to diameter ratio is up to approximately 
150. selecting a reaction chamber; 
mixing cadmium acetate and thiourea in a 1:3 molar ratio 
with ethylenediamine solvent to form mixture I; 
adding the mixture of cadmium acetate, thiourea and eth-
ylenediamine (mixture I) to the reaction chamber; 
10. The one dimensional nanowire of claim 9 wherein the 
65 diameter of the nanowire is in a range between approximately 
5-8 nm and the length of the nanowire is in a range between 
approximately 100 to 1000 nm. 
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11. The one dimensional nanowire of claim 9, wherein the 
doped cadmium sulfide core contains a dopant that is man-
ganese (Mn). 
12. The one dimensional nanowire of claim 11, wherein the 
composition is manganese doped cadmium sulfide core with 5 
zinc sulfide shell (CdS:Mn/ZnS). 
13. The one dimensional nanowire of claim 12 wherein the 
zinc sulfide shell is formed radially surrounding the doped 
cadmium sulfide core. 
12 
14. The one dimensional nanowire of claim 9, wherein the 
room temperature photoluminescence spectra of the core/ 
shell nanowire exhibits a strong yellow emission band at 
approximately 585 nanometer (nm) wavelength along with a 
weak green emission peak at approximately 514 nm wave-
length. 
* * * * * 
